ABSTRACT The thermal conductivity of suspended few-layer hexagonal boron nitride (h-BN was measured using a micro-bridge device with built-in resistance thermometers. Based on the measured thermal resistance values of 11-12 atomic layer h-BN samples with suspended length ranging between 3 and 7.5 m, the room-temperature thermal conductivity of a 11-layer sample was found to be about 360 Wm -1 K -1 , approaching the basal plane value reported for bulk h-BN.
Both hexagonal boron nitride (h-BN) and graphite belong to the family of hexagonal layered materials. Although the lattice constants are similar for the two materials, the electronic properties are completely different. 1 While graphite is a semi-metal, breaking of the sub-lattice symmetry in h-BN results in a wide direct band gap of 5.8 eV, which enables its use as a dielectric layer in electronic devices as well as a lasing material in the ultra-violet spectrum. 2 Because of the clean and atomically smooth surface of h-BN, the electron mobility of graphene electronic devices supported on exfoliated few-layer h-BN has been found to be an order of magnitude higher than those supported on silicon dioxide (SiO 2 ). 3 In addition, the basal-plane thermal conductivity of a pyrolytic h-BN bulk sample has been reported to be as high as 390
Wm -1 K -1 at room-temperature. 4 This value is 280 times higher than that for the SiO 2 dielectric used in current-generation silicon electronic devices, and is lower than only few dielectrics such as diamond. Although the thermal conductivity along the c-axis of h-BN is as low as 2 Wm
because of the anisotropic layered crystal structure, 5 the high basal-plane thermal conductivity can be used to enhance lateral heat spreading when few-layer h-BN is used as the dielectric support for graphene electronic devices as well as other future-generation thin-film devices made of silicon, conducting polymers, or other novel layered semiconductors. 6 In contrast, although the basal plane thermal conductivity of graphite can be even higher than that reported for h-BN bulk crystals, the semi-metallic nature of graphite and few-layer graphene can result in electrical shorting when they are used as a heat spreader directly beneath the active layer in electronic devices. Despite the attractive thermal and electrical properties of h-BN for thermal management, recent studies of thermal transport in two-dimensional materials have been limited to single and few-layer graphene. 7, 8 Although a theoretical study of phonon transport in few-3 layer h-BN has been reported recently, 9 experimental data on the thermal transport properties in this system are lacking.
Here we report thermal transport measurements of suspended few-layer h-BN samples.
Because the intensity of the Raman peaks in few-layer h-BN is very weak compared to those in few-layer graphene, micro-Raman thermometry methods developed for thermal measurements of graphene 7, 10, 11 are not applicable for h-BN. Hence, we have established a method to transfer and suspend few-layer h-BN samples onto micro-bridge devices with built-in resistance thermometers for thermal transport measurements. With this method, few-layer h-BN samples of different suspended lengths and layer thicknesses have been measured to obtain the thermal conductivity and the thermal contact resistance in the temperature range between 45 and 450 K.
The micro-bridge device is modified from an earlier design for thermal transport measurements of supported graphene. 12 The current design consists of a suspended structure fabricated from a 500-nm-thick SiN x film, on which four 10/70-nm-thick Cr/Pt metal lines are patterned. The few-layer h-BN sample was transferred and suspended onto the central rectangular frame made of SiN x beams according to the procedure shown in Fig. 1(a-d) . In this procedure, few-layer h-BN was first exfoliated from h-BN powder crystals onto a silicon substrate covered with ~290 nm thick thermal oxide, which provides sufficient optical contrast for identifying few-layer h-BN ( Fig. 1(a) ). After a poly(methyl methacrylate) (PMMA) layer was spin coated on the sample and patterned with the use of electron-beam lithography (EBL), the A through-substrate hole under the micro-bridge allowed for transmission electron microscopy (TEM) characterization of the crystal structure of the few-layer h-BN sample suspended on the device upon the completion of the thermal measurement. Table 1 focused electron beam spot and AAA stacking order, which has also been observed in previous reports. 1, 13 Additionally, we consistently observed the presence of polymer residues on the surface of all four h-BN samples during TEM analysis, as shown in Fig. 2(a,c) and the supporting information. Similar polymer residue has been observed on the surface of suspended graphene or h-BN samples that were in contact with a PMMA layer during sample preparation.
14, 6 15 Although thermal annealing under various gas environments has been employed to burn out the PMMA residue, it has been found that polymer residue cannot be completely removed from the sample surface. [15] [16] [17] [18] [19] In this work, annealing of the h-BN sample in air for 3 hours at 300 o C was found to be ineffective in removing the PMMA residue. 
. 12, 20 The thermal resistance values of the four Cr/Pt/SiN x beams (R b ) are designed to be identical, and can be found from the heat conduction analysis of the heater line in conjunction with the thermal resistance circuit in Fig. 1(h) as As shown in Fig. 4 , the obtained room-temperature thermal conductivity of the 11-layer sample is about 360 Wm -1 K -1 , which approaches the basal-plane value reported for bulk h-BN. 4 As the temperature decreases, the thermal conductivity of this sample initially increases due to reduced Umklapp scattering, reaching its peak value between 100 K and 200 K, similar to bulk samples. At lower temperatures, the thermal conductivity of the 11-layer sample becomes lower than the bulk values. A recent theoretical calculation has suggested that the thermal conductivity of atomically-clean suspended few-layer h-BN increases as the number of layers decreases because of the reduction of interlayer phonon scattering. 9 Our results do not follow this trend as the thermal conductivity of the 5-layer sample is lower than that of the 11-layer sample. In addition, the thermal conductivity suppression in the thinner sample becomes more pronounced at lower temperatures with the peak value appearing at near room temperature. Interestingly, both samples measured here maintain higher thermal conductivity than that reported for a multiwalled h-BN nanotube, which was measured with a different micro-bridge device without eliminating the contact thermal resistance. 23 To understand the thermal conductivity suppression at low temperatures, we first evaluate the impact of phonon scattering by the lateral edges of the h-BN ribbon and by point defects. We have calculated the thermal conductivity of the suspended h-BN according to a solution of the phonon Boltzmann transport equation, 19 (1) Without accounting for scattering by polymer residues and Umklapp scattering, the latter of which is negligible at low temperatures, the calculated thermal conductivity shows good agreement with the measurement results at temperatures below 100 K when l b is taken to be 550 nm and 180 nm for the 11 and 5 layer h-BN samples, respectively (See Supporting Information).
However, the values are much smaller than the 3-7.5 m length of the single-crystalline h-BN samples and the 3.5 m separation between the two SiN x bars below the h-BN. Hence, edge scattering and point defect scattering are not responsible for the considerably suppressed thermal conductivity at low temperatures.
Several theoretical calculations have suggested that the presence of surface functional groups can result in large suppression of the thermal conductivity of suspended graphene. 24, 25 Similarly, the presence of the polymer residue on the sample surfaces can lead to even stronger suppression. Such scenario has been suggested in our recent measurement of suspended bi-layer graphene. 19 Because the polymer residue was clearly observed from the TEM images on the 14 surfaces of the h-BN samples as a result of fabrication process, we attribute the trend of decreasing thermal conductivity with decreasing layer thickness to phonon scattering by the polymer residue. Such scattering is expected to play an increasing role as the layer thickness decreases. In particular, because low-frequency phonons dominate the low-temperature thermal conductivity, the larger suppression found in the thinner sample at lower temperatures suggests a higher scattering rate of low-frequency phonons by the polymer residue. At high temperatures, on the other hand, polymer-induced scattering becomes less important compared to Umklapp scattering, thus the suppression from bulk thermal conductivity becomes smaller, especially in the thicker samples.
Our measurement results show that the room-temperature thermal conductivity of suspended h-BN can approach the basal-plane values of bulk h-BN crystals at room temperature when the thickness increases to more than 10 atomic layers in spite of the presence of polymer residue on the sample surface. As the sample thickness decreases, the thermal conductivity decreases because of increasing phonon scattering by polymer residues, which is more pronounced at low temperatures or for low-frequency phonons. These new findings, especially the thickness needed to obtain the bulk thermal conductivity values in these few-layer h-BN samples with polymer residues, provide new insight into the effect of polymer residues and surface functional groups on phonons and especially low-frequency phonons in two-dimensional layer materials. The result is of value for the exploration of few-layer h-BN as a heat spreading layer in novel electronic devices made of flexible polymeric substrate, or as fillers to enhance the thermal conductivity of polymeric composites.
